Superconductors containing magnetic impurities exhibit intriguing phenomena derived from the competition between Cooper pairing and Kondo screening. At the heart of this competition are the Yu-Shiba-Rusinov (Shiba) states which arise from the pair breaking effects a magnetic impurity has on a superconducting host. Hybrid superconductor-molecular junctions offer unique access to these states but the added complexity in fabricating such devices has kept their exploration to a minimum. Here, we report on the successful integration of a model spin 1/2 impurity, in the form of a neutral and stable all organic radical molecule, in proximity-induced superconducting break-junctions. Our measurements reveal excitations which are characteristic of a spin-induced Shiba state due to the radical's unpaired spin strongly coupled to a superconductor. By virtue of a variable molecule-electrode coupling, we access both the singlet and doublet ground states of the hybrid system which give rise to the doublet and singlet Shiba excited states, respectively. Our results show that Shiba states are a robust feature of the interaction between a paramagnetic impurity and a proximity-induced superconductor where the excited state is mediated by correlated electron-hole (Andreev) pairs instead of Cooper pairs. 
A quantum dot (QD) or impurity coupled to a superconductor constitutes a rich physical system in which many-body effects compete for the ground state [1] [2] [3] [4] [5] [6] [7] [8] [9] . The ground state can take the form of a BCS-like singlet, a spin degenerate doublet, or a Kondo-like singlet depending on the relative strengths of the characteristic energies of the competing phenomena (charging energy, U , superconducting gap, ∆, Kondo energy, T K ). For weak Coulomb interaction (U << ∆), the BCS singlet, composed of the superposition of unoccupied and doubly occupied states of the dot, prevails. Subgap excitations of this ground state are the well-known Andreev bound states. This regime has been explored in carbon nanotube 10, 11 and nanowire 12, 13 devices where ∆ can be large enough relative to U to allow the BCS superposition state. For larger charging energy however, the doublet becomes the energetically favored ground state (at temperatures above T K ) and a competition between Kondo screening and Cooper pairing sets in at temperatures below T K 8, 14 . For weak Kondo energy (T K << ∆) the ground state is the degenerate doublet as screening is incomplete due to a lack of quasiparticles at the Fermi level. For strong Kondo energy (T K >> ∆), quasiparticles screen the spin and the Kondo singlet becomes the ground state. Excitations on top of these ground states are the Yu-Shiba-Rusinov (or simply Shiba) states [15] [16] [17] [18] . First experimentally observed in tunneling spectra of magnetic adatoms absorbed on Nb 19 , these states were recently shown to lead to topological Shiba bands required for the observation of Majorana end modes in atomic chains adsorbed on a superconducting surface [20] [21] [22] .
Besides early tunneling experiments on Kondo alloys producing conventional Shiba bands 23 , the great majority of investigations of superconductor-QD systems are with magnetic impurities 2, 7, 19, 24 , nanowires 3, 4 or nanotubes [25] [26] [27] coupled directly to a bulk superconductor. In these systems the singlet Shiba excited state is created by breaking a Cooper pair which allows a quasiparticle to pair with the localized spin in the quantized system.
A similar interaction may occur through proximity induced superconductivity but has not been explored and requires attention as proposals and investigations of Majorana bound states engineered through proximity induced systems grow 12, [28] [29] [30] [31] [32] [33] .
The hybrid superconductor-molecule device grants a unique exploration of the superconductor-QD phase diagram as the energy spacing between molecular orbitals of a molecule is typically orders of magnitude larger than the other energy scales completely suppressing the formation of the BCS-like singlet ground state and offering investigation of the large-U regime.
The added difficulty in fabricating such devices has limited their investigation to only a 2 few studies 34, 35 . Additionally, direct contact to a superconductor leads to only weak coupling (relatively small Γ) leaving access to the Kondo regime (and competing phenomena) unattainable 34 . Instead, gold can be used as an intermediate material allowing stronger coupling through the sulfur-gold bond but is not superconducting itself and thus requires exploitation of the proximity effect.
Here we report on investigations of the large-U regime of the superconductor-QD system and the observation of Shiba states in a completely proximitized superconducting junction hosting a model spin 1/2 impurity. As opposed to direct coupling to a bulk superconductor with a phase coherent condensate giving rise to spin induced Shiba states, Shiba states in our system are supported by correlated electron-hole (Andreev) pairs. Fig. 1 (a) depicts this situation in which a magnetic impurity (in our case a molecule with an unpaired spin at its center signified by a red circle) on the left side is tunnel coupled to a proximityinduced superconductor on the right side. The proximity effect in the gold is mediated by the well-known Andreev reflection process that occurs at the interface between the normal metal (gold region) and the superconductor (blue region) giving rise to Andreev pairs in the gold leads 36 which can interact with the molecule through an exchange coupling. As a result of a variable molecule-electrode coupling for different devices, we access both the singlet and doublet ground states (and their corresponding Shiba excited states) of the large-U superconductor-QD phase diagram. We further corroborate these results through calculations based on the Anderson impurity model while taking into account the proximity induced nature of the gold electrodes.
As a prototypical spin 1/2 impurity for this study, we have judiciously selected a neutral and stable all organic radical (polychlorotriphenylmethyl, PTM) which we have shown produces a robust Kondo effect in gold break-junctions sizable energy gap (2 eV) between the singly occupied molecular orbital (SOMO) and the lowest unoccupied molecular orbital (LUMO) creating a stable electronic configuration with a large "charging energy" in the ground state. This is further verified by the absence of resonant transport at low bias in the whole range of gate voltages that can be applied in our electromigrated break junctions 37 . This makes the PTM radical an ideal molecule to explore the large U limit of the superconductor-QD phase diagram which favors Shiba excited states for both the singlet and doublet ground states.
I. DEVICE DESIGN
The junction fabrication and characterization has been detailed in Refs. 
II. THE NORMAL STATE
We now turn to the low temperature characteristics of our radical molecular junctions where we first show the results for the normal-state measurements. By applying a small From the linear conductance we furthermore estimate the asymmetry in the coupling (Γ L , Γ R ) to the leads using 43 :
where 
III. THE SUPERCONDUCTING STATE
Moving now to the characteristics in the superconducting state, the black curve in fig fig. 3 (a) at energies of ±(E b + δ 2 ) where E b is the excited state energy and δ 2 is the proximity-induced gap of the probe electrode. In addition to these peaks, side shoulders are visible at lower bias voltage which we interpret as Shiba replicas. Shiba replicas are visible for a sufficient density of quasiparticles in the mini-gap of the probe electrode which is reasonable considering the soft proximity-induced gap of our empty junctions (see fig. 2(a) ). With an increase in temperature we furthermore observe the emergence of an anomalous zero-bias peak (dashed curve in Fig. 2(a) ) which we interpret as a mini-Kondo due to increased quasiparticle filling (see Supporting Information for a discussion).
A comparison of the characteristic energies (δ avg vs. energy. The Kondo temperature ranges from (≈ 1 K to 18 K) for the seven devices.
In fig. 4 we show the weakest and strongest Kondo energy devices (junctions A and G).
For junction A a Kondo peak cannot be discerned in the normal state (red curve fig. 4(a) ) but a splitting (g = 2.1) of the background is observed at higher magnetic fields fig. 4(b) ).
We 
V. CONCLUSION
In conclusion, we have presented an investigation of the large-U superconductor-QD phase diagram in the form of a radical molecule coupled to a proximity induced superconductor.
In the superconducting state, we observe excitations which are characteristic of Shiba states as a result of the coupling between the radical and a proximity-induced superconductor. By applying a finite magnetic field, the proximity effect can be suppressed which allows a spin 1/2 Kondo effect. For the devices with the weakest and strongest Kondo energies we are able to probe both the doublet and singlet ground states which give rise to the singlet and doublet oversaw experiments and advised on data interpretation.
Supporting Information: Proximity-induced Shiba states in a molecular junction I. LOW TEMPERATURE CHARACTERISTICS OF EMPTY GAPS Fig. S1 shows low-temperature characteristics for another empty gap in addition to the one presented in the main text in fig. 2(a) . Fig. S1(a) The difference in the length of the left and right electrode results in stronger and weaker proximity effects, respectively. Additionally, the shape of the electrode will play a role in the overall density of states of the proximity induced leads. In the normal state however, none of the empty gaps show the presence of a zero-bias peak in the low temperature characteristics that would signify Kondo screening of an impurity. 
II. DEVICE OVERVIEW

III. GATE DEPENDENCE
We observe little modulation of the conductance with back gate voltage due to the sizable (2 eV) SOMO-LUMO gap of the radical molecule. Fig. S3(a) shows dI/dV as a function of V b and V g for device E. With our accessible gate range, no degeneracy point is reached that would signal a shift to another charge state. The same is true in the normal state (see Fig. S3(b) ). In fact, very little modulation of the conductance is observed (see Fig. S3(c)) overall which supports the robust Kondo effect and stable spin 1/2 nature of the molecule.
IV. TEMPERATURE DEPENDENCE OF THE ANOMALOUS ZERO-BIAS PEAKS
At finite temperatures ( 1 K) a zero-bias peak emerges in the conductance curves which grows with temperature. Devices E and F show the presence of a zero-bias peak (see Device overview section). Zero bias peaks also emerge for devices A and D at higher temperatures (see Fig. S4 ). A plausible explanation for this peak is that a mini Kondo peak emerges in the gap at higher quasiparticle filling. Further supporting this claim is 
